It appears to be well established that the red cells are impermeable to cations, but there have nevertheless been some experiments which have demonstrated slow changes in the potassium content. The availability of radioactive isotopes makes possible a re-examination of this question, and some reports based upon this method have already been published. Cohn and Cohn (1939) showed that radioactive sodium exchanged with sodium in dog erythrocytes in vivo so that half the sodium had exchanged in 12 hours. They found that the sodium exchanged as if there were a simple diffusion, taking into account the difference in concentration of sodium between dog cells and plasma. In this laboratory Manery and Bale (1940) have also found evidence of penetration of sodium into dog cells in vitro, but their results with rats and rabbits in vivo were inconclusive on account of the small amounts of sodium normally present in the cells of these animals.
On the other hand, Hahn, Hevesey, and Rebbe (1939 a and b) using the radioactive potassium isotope K 4~ found that only about 3 per cent of the potassium in red cells of the frog or rabbit exchanged with the plasma. Joseph, Greenberg (1938 and 1939) working with the rat measured activities in whole blood only, but their data are consistent with a fall in plasma radioactivity followed by a rise in corpuscular activity. Even so they find quite low penetration of radioactive potassium into the red cells. Eisenmann, Ott, Smith, and Winkler (1940) working with human red cells reported no exchange of potassium or sodium. In view of the extremely low sodium content of human cells, it is doubtful whether penetration of sodium could be measured by a radioactive method in this material.
A preliminary abstract of our experiments with radioactive potassium and red cells has already been published (Noonan, Fenn, and Haege, 1940) . In this paper they are presented in greater detail.
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Methods
Radioactive potassium chloride was prepared by bombarding 100-200 rag. of pure crystals of KCI with a neutron beam of 4.5 m.e.v, for 3 to 4 hours. The crystals were then dissolved in a little water, and the potassium was precipitated as KC104 by the addition of a saturated solution of NH4C104. Powdered MnO2 was added and the mixture was filtered in a porous crucible. The precipitate was washed with alcohol followed by ether and dried. The crucible was then ignited either in a muffle furnace at 500°C. overnight or in a quartz crucible over a Bunsen burner for 1 hour which was found to be sufficient time to reduce the KC104 to KCI. The crucible was then cooled and weighed. The KCI was dissolved out in a little hot water, transferred to a volumetric flask, and made up to 10 ml. The crucible was dried and weighed again and the quantity of KC1 in solution was calculated from the loss in weight. This procedure insured that radioactive sodium which might have contaminated the potassium as well as any activated chlorine was eliminated. There was also sufficient time for radioactive chlorine to disintegrate before the potassium was counted. The original potassium solution was diluted 1/500 for counting and was counted at least every 4 hours while counting of the experimental samples was in progress. Background counts were taken with the same frequency.
In the in vlvo experiments a portion of the KC1 solution (which was approximately isotonic) was injected directly into the animal, intraperitoneally or subcutaneously without anesthesia. Blood from the rabbit was taken from the ear vein into a beaker containing a dry mixture of sodium and ammonium oxalate. It was centrifuged at once. The plasma was drawn off and measured in a graduated centrifuge tube. The cells were washed once with saline (0.85 per cent NaC1) and centrifuged in a graduated centrifuge tube. The volume of ceils was recorded and the saline removed. Nitric acid and a drop of caprylie alcohol were then added to the tubes, which were placed in a steam bath until the solution was a clear yellow. The tubes were cooled, the volume of digest recorded, and a 3 ml. aliquot was placed in the cup of a Geiger-Miiller counter (Bale, Haven, and LeFevre, 1939) for counting. Afterwards aliquots of the digest were taken for potassium analysis by the method of Shohl and Bennet as modified by Wilde (1939) .
Blood for in vitro experiments was obtained from rats and rabbits by cutting the throat and in humans by venous puncture. Either heparin or oxalate was used as an anticoagulant. The cells were washed twice in unbuffered mammalian Ringer that was 0.005 molar in potassium (0.037 per cent KCI). For rat and human ceils it contained 0.8 per cent NaCI, 0.008 per cent MgCI2, and 0.016 per cent CaClz, and for rabbit cells 1.0 per cent NaC1, 0.01 per cent MgCI~, and 0.02 per cent CaCI2. The cells were suspended in Ringer containing radioactive potassium or ordinary potassium depending upon the experiment so that 20 cc. of the mixture contained about 1 cc. of ceils. The suspension was agitated in a water bath at 37.5°C. and was also aerated by a stream of air. Aliquots were taken at suitable intervals which were measured to the time of starting the centrifuge. The supernatant Ringer was sucked off and counted after a tenfold dilution with water. The cells were washed once with Ringer and treated just as the ceils from the in vivo experiments. Because of the errors introduced into potassium analyses by large quantities of sodium Ringer was not analyzed for potassium, but the change in the K content was calculated from the change in cell potassium.
In some experiments the change in radioactivity of the Ringer was similarly calculated.
The counts of the standard radioactive potassium solution were plotted on semilogarithmic paper, and activities at times corresponding to sample counts were interpolated from straight lines connecting the plotted points. Ordinarily the semilogarithmic graph had the theoretical slope for a half-life of 12.5 hours. Any deviation from this slope indicated a change in the efficiency of the counter which was thus automatically corrected for by this procedure. All counts were expressed as a fraction of the standard at the time of counting. By dividing this fraction by the ratio of the potassium concentration in the nitric acid digest to that in the standard, solution counts were reduced to a molar basis (i.e. number of counts per unit of potassium) which expresses the fraction of the active potassium present in the potassium of the sample.
This figure is referred to as the "activity" of the sample or the relative number of counts per mol of potassium on the basis of 1000 for the number of counts in the standard solution per mol of potassium.
RESULTS
The penetration of radioactive potassium into human cells suspended in Ringer at 37.5°C. is shown in Table I and Fig. 1 as measured in two experiments A and B. The data for cells were fitted empirically by a curve of the type, x = m t ~ + c, and the slope of this curve at each point calculated as rant c,,-1~. The accuracy of each point does not exceed 5 per cent, and this method was considered adequate to give the slope to the possible limits of accuracy. The diffusion coefficient1 is calculated as the quotient of this slope divided by the difference in relative activity of cells and Ringer. The diffusion coefficients average 0.20 X 10 -3 and 0.24 X 10 -3 in two cases. The differences are probably not significant.
The penetration of radioactive potassium into the red blood cells of a rabbit in vivo is shown in Table I I and Fig. 2 . The diffusion coefficient has been calculated in the same way as for the human cells, and it is observed to be larger immediately after injection. This might be correlated with the high potassium concentration in the plasma at this time.
Radioactive potassium was put into rabbit erythrocytes by suspending them in Ringer containing active potassium for 10 hours at room temperature (23°C.). A portion of the same cells received identical treatment except that the Ringer contained nonradioactive potassium. Both lots of cells were centrifuged and washed once with plasma. The inactive ceils were suspended in radioactive Ringer and the active cells in inactive Ringer. Both lots were aliquoted in 20 ml. portions into 50 ml. ErlenThis is not strictly a diffusion coefficient in the usual sense, for it has the dimensions of minutes -1 and its value depends upon the area and thickness of the diffusing surface as well as the actual speed of penetration. Table I . Average diffusion coefficient = 0.254 X 10 -8 rain. -1 Empirical curve for cell activity x ffi 0.778P .8 -k 3.5 m e y e r flasks w h i c h were a g i t a t e d a t 37.5 ° . A t s u i t a b l e i n t e r v a l s p a i r s of flasks were r e m o v e d a n d t h e cell s u s p e n s i o n s t r e a t e d e x a c t l y as in t h e Table II . The curve for the cells is drawn to follow the empirical equation given in Table II . Average diffusion coefficient ffi 0.665 X 10 -~ rain.-1 Empirical curve for cell activity x = 632t °.5 o t h e r e x p e r i m e n t s . T a b l e I I I a n d Fig. 3 show t h e p e n e t r a t i o n i n t o a n d o u t of t h e cells. I n this case t h e slopes were e s t i m a t e d g r a p h i c a l l y . T h e y are less reliable b e c a u s e of t h e few p o i n t s which are r a t h e r erratic. T h i s m a y be due in part to excessive hemolysis. There seems to be a difference between the diffusion constants in the two cases. At present we see no Ordinates, relative activity of the potassium X 10-2; abscissae time from beginning of diffusion. All curves drawn through experimental points as given in Table III . Fzo. 4a. Results of injections of radioactive potassium into 14 rats. Ordinates, relative activity × 10 -2 of the potassium in plasma and cells where the activity of the injected dose in per cent of the body weight is 1000. Data of Table IV. Fxo. 4b. Cell activity in per cent of plasma activity or per cent penetration of radioactive K into cells of rats (ordinates) at different times (abscissae) after injection. Calculated from data of Table IV. Average diffusion coefficient 30 to 600 minutes ffi 1.0 X 10 -~ rain. -z Empirical curve for plasma P = 450 + 18,000fl Empirical curve for cells x ~ 11.9/o's the cells in vitro were in poor condition. Penetration of radioactive potassium at 23°C. during the loading process took place at a mean rate of 0.1 counts/mol per minute with a gradient of 1000 counts/mol so that the coefficient of diffusion is of the order of 0.1 × 10 -3. This value is 0.27 times the mean rate at 37.5°C. which corresponds to a Q10 of about 2.4.
A
RELATIVE
In the course of other experiments a number of rats were injected with radioactive potassium intraperitoneally or subcutaneously. Each animal received 1-3 cc. of 0.1 or 0.2 M KCI, a large dose. The animals were sacrificed after various intervals, blood was collected, and the tissues were analyzed for radioactivity and potassium. The results of these analyses will be reported elsewhere3 Mter centrifuging the blood, plasma was removed as completely as possible and the cells were dissolved in nitric acid without washing. A known volume of plasma was similarly digested in nitric acid, counted, and analyzed for K. There is unfortunately a very large variability in the results as shown in Table IV and Fig. 4 , probably due to variations in the experimental procedure and to variations in the ability of the different animals to dispose of the large dose of potassium in the various tissues of the body. Nevertheless, if we discard the points at 6 and 6.5 hours, it is possible to make a fair approximation to the data as shown in the curves of Fig. 4 a. Then taking the slope of the cell curve by differentiation as before, we have calculated the diffusion coeffÉcient for different points. This value shows very little variation except at 18 hours, and if at this time the actual gradient experimentally observed between cells and plasma is used for calculation instead of the difference between the empirical curves, even this point falls more nearly in line. It is significant, we believe, that the diffusion coefficient is higher in rat than in rabbit or human erythrocytes.
Although these data show great irregularity when plotted as in Fig. 4 a they are somewhat more regular if the per cent penetration (i.e. cell activity × 100 + plasma activity) is plotted against time as in Fig. 4 b. In about 30 hours the exchange may be expected to be complete. The interpretation of this curve, however, is somewhat difficult because of the widely varying gradient which was exceedingly high immediately after the injection and because an apparent increase in penetration can be caused by decreased plasma activity due to exchange with other body tissues. The data of Table IV were obtained from experiments on fourteen different rats and they afford therefore most convincing evidence of the cation permeability of rat cells under normal physiological conditions in the body.
Radioactive potassium was loaded into rat cells by injecting active KCI into the rat 5 hours before taking the blood. Table V and Fig. 5 show how the active potassium left the red cells when they were suspended in Ringer. There was considerable hemolysis which accounts for the high activity in the Ringer. I n this case the points are too erratic to justify fitting an em-
FIO. 5. The diffusion of radioactive potassium from rat red cells into the Ringer's solution in which they are suspended. The graph for the solution follows the empirical formula while the graph for the cells is the calculated theoretical curve (see text). Ordinates relative activity × 10-2; abscissae, time from the beginning of diffusion. Fig. 5 is the curve calculated in this way, and it appears to be a reasonable approximation to the experimental points. There seems to be no justification in this data for assuming a different diffusion coefficient for in vitro than for in vivo exchange in rat erythrocytes.
TABLE V
Rat Erythrocy~s in Ringer
DISCUSSION
If a cell is permeable to a given ion K and does not change its content of that ion over a period of time, we can say that the numbers of K ions crossing its membrane in each direction in unit time are equal. Now let the fractions x~ and xo represent the ratios of radioactive to normal K ions inside and out and let p equal the number of K ions crossing in each direction per minute. Then the number of active ions crossing per minute in the two directions is x~p and Xop.
The change in the number of active ions inside after unit time is xop -x~p o r p ( x o -x~). The rate of change in the ratio of active to total K ions (K~) P is accordingly p (Xo -x~). We can let ~ = b, since K~ must be a constant for a given cell that is not gaining or losing ions, and in differential form we write dx = b(xo -x~) dt. This is identical with the ordinary diffusion equation if we take the relative concentration of radioactive ions to total ions of the kind under consideration, b equals the fraction of ions leaving the cell per minute and is equal to the diffusion coefficient for K ions leaving the cell. The experiments reported here show that the radioactive potassium ions behave as if the membrane were allowing a constant fraction of the potassium inside to cross in each direction per minute. These results are all based on the assumption that the potassium remains in the cells and therefore in so far as they fit diffusion curves they give no evidence of changes in the concentration of potassium due to leakage. Some of the deviations of the diffusion coefficient froma constant value may well represent net movements of potassium. For example, a movement of KC1 into the cells increasing their potassium content when the plasma potassium is high would account for the apparently higher rate of uptake of the rabbit cells in vivo soon after injection. If the activity of the cell potassium is expressed as a percentage of the activity of the plasma potassium the result also indicates the percentage of the cell potassium which has exchanged with the plasma potassium. Thus in Table I it is seen that after 10 hours in vitro 12.4-14.5 per cent of the potassium of human cells has exchanged with the plasma potassium. For rabbit cells the exchange is 29 per cent complete after 6 hours in vivo (Table  II) and 59 per cent complete after 7.9 hours in vitro (Table III) . Possibly human cells also would show better exchange in vivo. The exchange in rat cells in vivo (Table IV) is 55 per cent complete in 10 hours and 79 per cent complete in 18 hours. The comparative constancy of the diffusion constant indicates that in human cells the exchange would be complete if sufficient time were allowed. There is no evidence as yet that the exchange is limited to a certain fraction of the cell K and that this diffusible fraction is larger in rats than in men. It appears instead that the rat cells are more permeable than human cells. The calculated diffusion constants represent a better measure of this permeability than the percentage exchange in unit time because in the latter no account is taken of the varying diffusion gradients.
It should be mentioned that sodium can cause serious contamination in radioactive potassium. K 41 accounts for less than 7 per cent of the element, and yet it is the only isotope which can be activated to K .2. All the sodium atoms can be activated somewhat more easily than the K 41 isotope. Since radioactive sodium and potassium have very similar half lives, it is easy to see how a small percentage impurity of sodium would cause serious trouble. Metallic potassium which has been used by most other workers as a source of radioactive potassium is notoriously the most difficult form of the element to purify. It may be suggested as a possibility that the low penetration observed by Hahn, Hevesy, and Rebbe (1939 b) was due to sodium contamination. The large ratio of plasma to cell sodium would make the counts in plasma very high compared to those in cells and give a very low calculated penetration.
Eisenmann, Ott, Smith, and Winkler (1940)* concluded from their measurements with radioactive potassium that there was no free penetration of potassium into human red cells. Actually there is no experimental conflict with our data. Their figures show an average of 4.4 per cent (maximum 8 per cent) penetration in 4 hours whereas our figures show 15 per cent penetration in 10 hours. There are some important differences of tech-* The full report of this work appeared after this manuscript had been accepted for publication. This paragraph was added later by permission of the editors.
nique. Their cells were left in plasma while ours were immersed in Ringer's solution. On the other hand, they added dry potassium to plasma and in such large amounts (up to 60 mEq. per liter of whole blood) that the solution was quite hypertonic. Both of these factors would probably decrease the permeability in their experiments. In our experiments the solution was, if anything, slightly hypotonic which may account for the slight hemolysis observed. Such hemolysis introduced no error into the measurement of the penetration into the ceils which remained intact, but the permeability of those cells may have been abnormally high.
The actual penetration of potassium into human cells was not large in our experiments (only 15 per cent). The shape of the curve indicates, however, no great diminution in rate of penetration even after 10 hours. The belief that all the potassium is eventually exchangeable has, therefore, some justification.
It may be supposed that the permeability of the cells may have been modified by the radioactivity of the solutions. According to the results of Mullins (1939) with Nitella, the effect if any would be a decrease of permeability. We do not have as yet observations at a sufficient variety of radiation intensities to permit an experimental answer to this question. The actual radioactivity of the solutions in our in vitro experiments estimated in terms of the count given by a saturated solution of potassium acetate was about 7 microcuries per liter. This would seem to be low enough so that no isotope effect would be anticipated.
In rats at least there seems to be no escape from the conclusion that the red cells are normally more or less permeable to potassium. Possibly, however, rat cells are impermeable to sodium. Otherwise it would be difficult to understand why potassium does not normally exchange for sodium.
SUMMARY
The diffusion coefficients for the exchange of potassium across the membrane of erythrocytes of humans, rats, and rabbits have been determined by the use of artificially radioactive potassium, both into and out of the erythrocytes both in vitro and in vivo.
The diffusion coefficients found in minutes -1 were 0.2 to 0.25 X 10 -3 for human, 0.32 to 0.665 X 10 -3 for rabbits, and 1.0 X 10 -8 for rat erythrocytes. Rabbit erythrocytes appear to be more permeable in vivo.
Reasons are advanced to explain the failure of earlier workers to demonstrate appreciable exchange of potassium in erythrocytes.
